Introduction
Soldering with Sn-Pb eutectic alloys is a key technology in microelectronic packaging and interconnection 1). However, because of the peoples concerns for environment and human health the industry is constrained to minimize the use of Pb 2). Sn-Ag-X alloys (X = Bi, In or Cu) are promising candidates for the Pb-free solder 3) ; and therefore, Sn-Ag alloy plating, forming films with near eutectic composition (3.5 wt% Ag 4)), is a viable surface finishing process for Pb-free soldering.
Recently, Arai et al. 5) and Kondo et al. 6 ) reported that Sn-Ag alloys were electrodeposited from the baths containing pyrophosphate and iodide. The remaining problems of these baths are the displacement deposition of Ag at the Sn anode and the oxidation of iodide at the insoluble anodes 7). This paper describes a novel bath for Sn-Ag eutectic alloy plating, which would solve the problems in conventional Sn-Ag alloy plating baths, because Ag+ ion and its complex are not present, but metallic Ag nanoparticles are suspended in the bath.
Experimental
Plating baths contained 0.10 M SnSO4i 0.20 M K4P20,, 0.01 M AgNO3 and 1.0 g/L polyethyleneglycol # 6000. The pH was 8.0 not adjusted. Baths were prepared by adding a volume of 1.00 M AgNO3 solution to a SnSO4-K4P20y solution. The color of the baths was black, although both the AgNO3 solution and the SnSO4-K4P207 solution were transparent. The black solutions were stable, and precipitates were not formed for several weeks or longer.
To confirm that the black baths were suspensions of fine particles, two series of dialysis were carried out using a cellulose tube with the nominal pore size of 2.4 nm. First, a cellulose tube containing the black solution was dipped in water for 24 h with mild stirring. Concentrations of the low-molecular-weight (LMW) constituents inside and outside the tube equilibrated while the particles remained inside the tube. Sn and Ag in the water outside the tube were determined by the ICP-AES. Second, the dialysis was continued for 48 h with frequent changes of the water outside the tube. After this dialysis, the LMW constituents of the solution were entirely removed. The residue in the tube was dried in vacuo, and identified by SEM-EDX and x-ray diffraction (XRD). The size distribution of the suspended particles was evaluated using a laser scattering particle size analyzer (Horiba, LA-920), which measures the particle size distribution ranging from 20 nm to 2 mm.
Electrodeposition runs were performed using a standard 267 mL Hull cell8' at 0.5 A for 1200 s at 50°C. The cathode was a Cu sheet and the anode was a Sn sheet. The baths were mildly stirred with a magnetic stirrer. The composition of the electrodeposits was measured using an x-ray fluorescence analyzer (Seiko, SEA-5120)
Results and Discussion
The colored constituents of the black solution did not pass the cellulose tube. After 24-h equilibration Ag was not detected, but the Sn concentration in the water outside the tube, showed that the Sn concentration fully equilibrated. These results show that Ag exists as solid particles larger than 2.4 nm while Sn exists as LMW complex ions, probably as Sn (P207)2 -9' in the black solution. The vacuumdried residue of another dialysis run, mainly contained Ag and small amounts of oxygen, phosphor and potassium. However, Sn was not detected. Fig. 1 shows the XRD pattern of the residue. All the diffraction peaks were assigned to metallic Ag. Scattered light by the suspended particles was not detected by the particle size analyzer. This shows that the size of the Ag particles was below 20 nm.
Consequently, it can be concluded that the black baths contained Sn2+-pyrophosphate complex ions and suspended metallic Ag nanoparticles ranging in their sizes from 2.4 nm to 20 nm . Fig. 2 shows the distribution of the Ag content of the electrodeposits on a Hull cell cathode. The local current density based on the primary current distribution10' is provided along the abscissa. Ag was codeposited, and its content was relatively uniform over the entire cathode at 3-5 wt% which is near the eutectic composition.
Because the bath does not contain Ag+ ion but metallic Ag nanoparticles, Ag was not 'electrodeposited' but was occluded in the Sn matrix.
The deposit was dense, over a large area on the cathode excluding the 2-cm region from the HCD end. Fig. 3 shows the XRD pattern of the deposit. In the center of the cathode. The XRD peaks of the deposit were assigned to the f3-Sn (JCPDS-ICDD, 4-673) and Ag3Sn (JCPDS-ICDD, 4-800). These phases are identical with those expected from the equilibrium phase diagram4'. Ag was, however, not detected, although Ag was codeposited as the occlusion of nanoparticles.
In conclusion, Sn-Ag alloys with the composition near the eutectic one and composed of the same phases as the equilibrium ones were obtained by the "composite plating" from the baths containing suspended metallic Ag nanoparticles. 
